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Introduction
In a shipyard, line heating and triangle heating are two
major processes carried out by skilled workers to form
curved plates in various shapes under various heating
conditions. The heating process is selected according to
the shape of the curved plate required. The line heating
process is used to form plates of the saddle type or the
twisted type, whereas the triangle heating process is
mainly applied to the concave type. Many studies have
been carried out on line heating, but triangle heating
has rarely been studied owing to its complicated heating
process, with irregular multiheating pathways and
highly concentrated heat input.
Triangle heating has mainly been used to form the
bow and stern plates of ships’ hulls, which is the most
labor-consuming job (Fig. 1). Hence, it is essential
for shipyards to develop a more efficient fabrication
system for the automation, as well as the improvement,
of triangle heating processes in order to increase
productivity.
In this study, a pioneering attempt to simulate tri-
angle heating was made. An analysis model of triangle
heating using the inherent strain method1 is proposed,
and the computation procedure for the size and shape
of the inherent strain distribution is described. The
inherent strain is the sum of elastically irrecoverable
strains which induce permanent deformation of the
plate. For example, plastic strain, thermal strain, and
phase transformation strain are typical inherent strains.
To induce inherent strain, a circular-disk spring model
(Fig. 2) was proposed for 2D thermal elastoplastic
analysis. The spring model is a simulation of the elastic
restraint from the surrounding area outside the disk
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Determination of the inherent strain region
The inherent strain region is assumed to be a region
where the maximum temperature exceeds Ac1
(ª700°C).3 From the experimental results, it was found
that the section pertaining to the inherent strain region
is as shown in Fig. 3c and d. In the section at A–A¢, the
shape of the inherent strain region is elliptical, and the
equation for the breadth–depth relation is as given in
Eq. 1. In the section at B–B¢, the shape of the inherent
strain region is a trapezoid, and the equation for the
breadth–depth relation is as given in Eq. 2. These two
shapes are determined by whether the depth of heat
penetration is more than the thickness of the plate or
not. From the experimental results, the reason why the
isotemperature line changes from a curve to a straight
line after full penetration is that the conduction speed
along the back surface is much faster than the heat
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Computation of equivalent loads for
finite-element analysis
Equivalent loads can be calculated by integrating the
inherent strains in the cross section. After applying
these equivalent loads to the plate, the final thermal
deformation due to triangle heating can be obtained
through elastic structural analysis. By integrating the
inherent strains, the shrinkage force per unit length and
the bending moment per unit length can be calculated,

















Fig. 2. Circular-disk spring model
against expansion or shrinkage of the disk due to tem-
perature changes. The results of the analysis were
compared with the experimental results to validate
the usefulness and effectiveness of the proposed
method.
Simplified analysis model for triangle heating
In this study, a simplified analysis model of triangle
heating is proposed, as shown in Fig. 3. When triangle
heating is carried out, the breadth and depth of the
inherent strain region are raised from the starting point
(C) to the end point (C¢) of the heating process. In this
model, it is assumed that the inherent strain region con-
sists of line-heating elements, each of which have in-
creased breadth and depth in the x-direction. Because
the breadth and depth of each element increases lin-
early, they are taken as increasing linearly from the first
element to the last one in order to simplify the compu-
tations.2 Based on the results of heat transfer analysis
and experiments, it was found that the inherent strain
region goes through the thickness of the plate at the end
edge, as shown in Fig. 3d. In this case, the shape of the
inherent strain region is a trapezoid.













The distribution of the shrinkage forces and bending
moments is illustrated in Fig. 4. The test models are
supported in a suitable way to prevent deflections due
to the weight of the steel plates.
Deformation of a flat plate
Figure 5 shows the specifications of the specimen plate,
and Table 1 gives the conditions chosen for the triangle
heating experiment.5 The triangle heating was per-
formed on a flat plate 20–30mm thick, as shown in Fig.
5. Experimental results on the longitudinal deflection
and transverse shrinkage were obtained and were com-
pared with the analysis results.6
Figures 6 and 7 show the longitudinal deflections of
the 30-mm plate at y = 0 mm, and at y = 250mm. In Fig.
6, the analysis results are almost the same as the experi-





Fig. 3. Analysis model for triangle
heating. a plan view. b C–C¢ section.
c A–A¢ section. d B–B¢ section
Fig. 4. Equivalent loads in the analysis model
Fig. 5. Specifications of plate specimen (mm)





214 C.D. Jang et al.: Predicting steel plate deformation
the latter part of the heating process. In the analysis, the
FEM commercial code (ANSYS 9.0) was used. The
elements of the model were selected by shell type, and
the mesh size was almost square (1cm ¥ 1 cm).
Comparison of analysis results and
experimental results
When the plate is heated the heated surface becomes
lumpy. The deformations caused by this phenomenon
cannot be calculated numerically. Therefore, the differ-
ence observed in the latter part of the heating process
(x = 400 mm) is caused by this physical phenomenon and
the phase-transformation effect. The inherent strain in
this method does not contain phase transformation
strain because the water-cooling temperature is as-
sumed to be sufficiently low. However, the value and
tendency of the deflections in the analysis results are in
good agreement with those in the experimental results,
as shown in Figs. 6 and 7.
Figure 8 shows the analysis and experimental results
for transverse shrinkages, when triangle heating is per-
formed on a flat plate 30 mm thick. The analysis results
show a fairly good agreement with the experimental
results. Thus, the proposed simplified analysis model for
triangle heating is validated.
Deformation of a cylindrical plate
In this section, the proposed and validated triangle-
heating model is used for an analysis of the deforma-
tions of a cylindrical plate used for manufacturing
concave curved plates, and the analysis results are
compared with experimental results. Table 2 shows the
experimental conditions, and Fig. 9 shows the specifica-
tions of a cylindrical plate. A quarter-cylinder plate
model was used in the analysis. Figure 10 shows the
deformation of a quarter-cylinder plate. As shown in
Table 1. Conditions for the triangle heating experiment for a flat plate
Thickness Heating velocity Heating conditions Material
20 mm 130 mm/min Oxygen pressure 700 KPa A-grade mild steel
25 mm 100 mm/min Propane pressure 70KPa
30 mm 80 mm/min Water cooling
Table 2. Conditions for the triangle heating experiment for a cylindrical plate
Thickness Heating velocity Radius of curvature Heating conditions Material
30 mm 120 mm/min 1000mm Oxygen pressure 700Kpa A-grade mild steel
Propane pressure 70KPa
Water cooling
Fig. 7. Longitudinal deflection of a 30-mm plate at y = 250mm Fig. 8. Transverse shrinkage of a 30-mm plate
Fig. 9. Specifications of a cylindrical plate
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Fig. 10. Deformation of a cylindrical plate
Fig. 10, point A is deflected downward from the origin,
and points B and C are deflected upward from the
origin. The three-dimensional deformations can be ob-
served, but in this analysis only longitudinal deflections
(O–A, B–C) and transverse deflections (O–B, A–C)
were considered. In other words, the original value and
the deflection of points A, B, and C were compared in
the z-direction. Figure 11 shows the longitudinal deflec-
tions in the analysis result, and the experimental result
at y = 0 (O–A in Fig. 10). Figure 12 shows the transverse
deflections in the analysis result, and the experimental
result at x = 0 (O–B in Fig. 10).
The results of this simulation were compared with
those from experiments and showed good agreement.
The analysis results for the cylindrical plate using the
analysis model of triangle heating proposed well corre-
spond to the experimental results in terms of value and
tendency. Thus, the approach and model used in this
study are verified to be an effective and efficient to
simulate triangle heating for the steel plate forming
process in shipbuilding.
Conclusions
The main conclusions from this study are summarized
below.
1. A pioneering attempt to simulate the steel plate
forming process by triangle heating was successfully
accomplished.
2. From the results of the heat transfer analysis and the
cutting test, it was confirmed that the shape of the
zone affected by heat exceeding Ac1 (ª700°C) is
elliptical or trapezoidal according to the plate thick-
ness and the heating conditions.
3. The circular disk-spring model is acceptable as an
analysis model for the elasto-plastic procedure of
triangle heating.
4. A simplified approach to predicting deformations of
a steel plate due to triangle heating was proposed
based on inherent strain analysis, and the results of
this simulation showed good agreement with those of
experiments with flat and cylindrical plates.
5. This approach and the model used in this study were
shown to be an effective and efficient to simulate
triangle heating for the steel plate forming process in
shipbuilding
6. The complicate thermal elasto-plastic problem of tri-
angle heating was formulated into a simple elastic
analysis with high computation efficiency. Therefore,
this approach can be applied to real-time control of
the triangle heating process.
7. This approach based on inherent strain analysis
provided a basis for developing an improved
and automated plate-forming system by triangle
heating.
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